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INTROOUCTION 

I n  recent years, i t  has become increas ing ly  important t o  look f o r  a l t e rna te  
I n  the  mids t  o f  t he  present sources o f  energy on a commercially f eas ib le  basis. 

energy c r i s i s ,  coal  remains the  most abundant source o f  energy i n  t h i s  country. 
However, t he  time honored techniques used t o  convert  coal  i n t o  e l e c t r i c a l  power 
no longer s a t i s f y  the  needs o f  t he  power indus t ry .  Also, t he  pub l i c  and the  indus t ry  
a l i k e  have grown t o  be ecology conscious; there  i s  an ever inc reas ing  emphasis on 
burning "clean" f u e l .  A d i r e c t i o n  now establ ished f o r  inc reas ing  the  economics 
o f  power generat ion i s  t o  e x p l o i t  t h e  use o f  a combined gas turbine-steam t u r b i n e  
power cyc le .  The r e l a t i v e l y  inexpensive gas tu rb ine  extends opera t ion  i n t o  t h e  
higher temperature range (p resent ly  195OOF) and the  temperature l i m i t  on gas tu rb ine  
development has y e t  t o  be establ ished. However, the  gas tu rb ine  requ i res  a c lean 
f u e l ,  na tu ra l  gas o r  c lean l i q u i d s .  Low Btu fue l  obtained from The M.W. Kel logg 
Molten S a l t  Coal Gas i f i ca t i on  Process, cu r ren t l y  under development, when used i n  
con junc t ion  w i th  a gas turbine-steam tu rb ine  combined power cyc le  system provides 
f o r  an e f f i c i e n t  method o f  generating e l e c t r i c a l  power from h igh  s u l f u r ,  h igh  ash 
coal  wh i l e  minimizing environmental p o l l u t i o n .  

DISCUSSION 

Gas i f i ca t i on  o f  coal  using Ke l logg 's  Molten S a l t  Process has been described i n  
d e t a i l  elsewhere (1, 2, 3 ) .  The ove ra l l  process converts the  heat ing value o f  h igh 
s u l f u r  coa l  t o  f u e l  gas w i t h  a lower heating value o f  100 t o  150 Btu/SCF a t  a 
conversion e f f i c i e n c y  o f  around 90% w i t h  most o f  the s u l f u r  re ta ined by the melt .  
The g a s i f i e r  i s  s e t  t o  operate a t  260 ps ia  and 170OOF and compressed a i r  i s  used 
t o  p a r t i a l l y  burn coal  t o  produce the  fue l  gas a t  these cond i t ions .  

The work t o  develop the  Kel logg Molten S a l t  Coal Gas i f i ca t i on  Process f o r  SNG 
(Subs t i t u te  Natural  Gas) has been modif ied t o  develop a process t h a t  i s  compatible 
with the combined cyc le  concept. (See Figure 1.) 

There are f o u r  systems i n  the  process: 

1. Gas i f i e r  - -a  s i n g l e  pressure vessel where molten sodium carbonate catalyzes the 
p a r t i a l  ox ida t ion  o f  coal  by a i r  t o  produce a raw f u e l  gas. A t y p i c a l  composition 
i s  shown i n  Table 1. 

2. Coal and Carbonate Feed --supply coal and make-up sodium carbonate a t  pressure 
t o  the  g a s i f i e r .  

3.  Gas Condit ioning - -a  se r ies  o f  heat exchanges and gas washes make the  raw gas 
compatible wi th  a gas tu rb ine .  

Carbonate Recycle - - t h e  stream which purges ash from the  g a s i f i e r  i s  approxi- 4. 
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mately 70% sodium carbonate and 8% sodium s u l f i d e .  
sodium f o r  recyc l i ng  t o  the  g a s i f i e r .  

The system recovers the 

COMBINED POWER CYCLE 

The ove ra l l  e f f i c i e n c y  o f  a combined cyc le  power p l a n t  bur ing  low Btu gas 
produced from the Kellogg process i s  dependent on the coal  g a s i f i c a t i o n  ef f ic iency--  
i nc lud ing  the s a l t  cleanup and regeneration--and the temperature-pressure cond i t ions  
i n  the steam generat ion system. 
features i n  the performance o f  t h i s  cycle.  The sens ib le  heat from t h e  me l t  purge 
(@ 1700°F) i s  used t o  preheat the a i r  supply t o  the  g a s i f i e r  ( t o  990°F). 
Figure 2.)  Most o f  the  s a l t  i s  recovered by evaporat ion as carbonate f o r  recyc le  
and the heat f o r  evaporat ion i s  provided from the  gas t u r b i n e  exhaust. 
ta ined by the me l t  i s  converted t o  hydrogen s u l f i d e  by carbonat ion and then recovered 
as elemental s u l f u r  i n  a nearby Claus p lan t .  

a temperature o f  around 175°F before being sent t o  a scrubber. 
t h i s  heat i s  u t i l i z e d  f o r  the product ion o f  steam and BFW heat f o r  t h e  steam system 
(2400 psia/lOOO°F/lOOOOF) as w e l l  as f o r  reheat ing  the  scrubbed f u e l  gas back t o  
500°F before being sent i n t o  the  gas tu rb ine .  The scrubbing opera t ion  provides the 
CO2 needed f o r  carbonation o f  the  s a l t ,  wh i l e  scrubbing w i t h  water e l im ina tes  sodium. 
The on ly  f i xed  n i t rogen  i n  the fue l  i s  a t race  o f  NH and thus the  f u e l  gas produced 
i s  q u i t e  clean. Also, sodium carbonate being a c a t a f y s t  g a s i f i e s  coal  completely 
w i thout  t he  product ion o f  associated coal  d i s t i l l a t e s .  
C la r ion  High Su l fu r  (4.65%) Coal i n  the  Kel logg process, i t  has been determined t h a t  
more than 90% o f  s u l f u r  i s  re ta ined by me l t  f o r  recovery l a t e r .  Th i s  r e s u l t s  i n  0.78 
l b  SOz/MMBtu i n  the  f l u e  gas w i thout  any scrubbing t o  remove SO2. 

The g a s i f i c a t i o n  system d i s t r i b u t e s  the heat ing value o f  the  coal  i n t o  fou r  
par ts .  (See Table 2.)  

The sensible heat i n  the f u e l  gas i s  ava i l ab le  a t  var ious temperature leve ls .  
This requires a c lose  i n t e g r a t i o n  wi th  the  steam system o f  t he  combined cyc le  so 
t h a t  i t  i s  used i n  the most e f f i c i e n t  manner. 

The number and type o f  i n te r faces  j u s t  described mean t h a t  the  g a s i f i e r  and 
combined cyc le  must be t i g h t l y  in tegra ted  if the  o v e r a l l  system i s  t o  be very  
e f f i c i e n t  . 

gas tu rb ine  w i t h  1950°F i n l e t  temperature and a 2400 psia/1000"F/1000"F steam cyc le  
were used. The match up between the steam cycle.and sens ib le  heat, bo th  i n  the  f u e l  
gas and f l u e  gas, i s  shown i n  Figure 3. 

t h a t  minimum temperature d i f f e r e n t i a l s  o f  around 40°F are  observed a t  the pinch po in ts .  
This, along w i t h  the f a c t  t h a t  heat ava i l ab le  a t  the  g a s i f i e r  l e v e l  i s  l i m i t e d  t o  
steam generation, has requ i red  t h a t  BFW heat ing and steam generat ion be done i n  more 
than one step. The d i s t r i b u t i o n  o f  power among var ious components f o r  a 120 ,MW ne t  
p l a n t  i s  shown i n  Table 3. 

It i s  estimated t h a t  i n t e g r a t i o n  o f  a gas tu rb ine  combined power cyc le  (w i th  
f u l l y  loading the  gas tu rb ine  i n  conjunct ion w i t h  a 2400 psia/1000"F/1000"F steam 
system) w i t h  the  Kellogg Molten S a l t  Coal Gas i f i ca t i on  process generates power a t  
a ne t  heat r a t e  of  around 9500 Btu/kw-hr o r  lower us ing  ava i l ab le  equipment (HHV). 

S a l t  recovery technique thus i s  one o f  t he  key 

(See 
I 

Su l fu r  re -  

The fue l  gas leav ing  the g a s i f i e r  i s  cooled i n  a ser ies  o f  heat exchangers t o  
~ The major p a r t  of 

For example, using Ohio 

Figure 2 shows the  r e s u l t  o f  j u s t  such an i n teg ra t i on .  A commercially ava i l ab le  

These curves show t h a t  t he  heat interchanges are arranged i n  such a fashion 
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UTILIZATION OF LOW ASH COAL 

(e.g., P i t t sburgh Seam Coal w i t h  5.2% ash-l.3IS) Incorpora t ing  minor changes 
i n  the  purge recyc le  and the  power cyc le  discussed above, the molten s a l t  process 
can be very  e f f e c t i v e l y  used w i t h  low ash coal .  It i s  estimated t h a t  such a pro- 
cess would have a g a s i f i e r  e f f i c i e n c y  o f  over 95% w i t h  a 0.45 lb/MMBtu o f  SO2 i n  the 
f l u e  gas w i thout  any scrubbing. 
power p l a n t  u t i l i z i n g  the  low ash coal  i s  estimated around 40% (8500 Btu/kwh based 
on HHV). 

The ove ra l l  e f f i c i e n c y  o f  such a combined cyc le  

ECONOMICS 

Any attempt a t  economic ana lys is  i n  these days must be based more on under ly ing 

However, i n  Table 4 i s  an at tempt a t  a cu r ren t  analysis.  This compares the 

fundamentals o f  a system r a t h e r  than on numbers. 

cos t  o f  power generated by a conventional power p lan t  equipped w i t h  a stack gas 
scrubber t o  the g a s i f i e r  - combined cyc le  system. Both systems were considered t o  
have an e f f i c i e n c y  o f  36%. Coal was assumed t o  be 20$/ton, the conventional p l a n t  
t o  cos t  400$/kw p lus  55$/kw f o r  a scrubber. The g a s i f i e r  - combined cyc le  system 
was estimated t o  be 375$/kw. These parameters r e f l e c t  the  cond i t ions  a t  the end 
o f  1974. Table 4 shows an 11% advantage f o r  t he  g a s i f i e r  - combined cyc le  system. 
Th is  can be considered marginal  s ince  i t  i s  a system cu r ren t l y  under development. 

STATUS OF THE PROCESS 

Extensive work has been done i n  t e s t i n g  the  containment o f  t he  molten sodium 
carbonate bath for t he  prcductio:: o f  h igh Btu p i p e l i n e  q u a l i t y  gas (SNG). 
data on the  gas i f i ca t i on  process have been reported. Low Btu coal  g a s i f i c a t i o n  
i s  e s s e n t i a l l y  an outcome o f  the  Kellogg Molten S a l t  process f o r  the  product ion 
o f  SNG and as such most o f  the  work done f o r  the  SNG process can eas i l y  be extended 
to t he  production o f  low B t u  gas. 

S a l t  process, cu r ren t l y  under development, fo r  t he  product ion of low BTu gas,,provides 
fo r  a r e l a t i v e l y  easy way o f  ob ta in ing  power w i t h  the  fo l l ow ing  advantsges: 

1. The Molten S a l t  g a s i f i e r  w i l l  handle any type o f  coal i nc lud ing  caking coals 

2. 

Basic 

Thus, incorpora t ing  a combined cyc le  i n  conjunct ion w i t h  t h e  Kel logg Molten 

w i thout  pretreatment. 

The c a t a l y t i c  a c t i o n  of t he  molten sodium carbonate promotes complete g a s i f i -  
ca t i on  o f  coal w i thout  t he  product ion of associated coal  d i s t i l l a t e s ,  thus 
e l im ina t i ng  downstream f o u l i n g  and some o f  the  p o l l u t i o n  con t ro l  f a c i l i t i e s  
t h a t  would otherwise be required. 

The c a t a l y t i c  e f f e c t  of sodium carbonate al lows g a s i f i c a t i o n  a t  lower temperatures 
pe rm i t t i ng  higher g a s i f i c a t i o n  e f f i c i e n c y .  

The system provides c lean  f u e l  gas f o r  use i n  a gas tu rb ine .  

I n  the next f i v e  t o  ten  years gas turbines poss ib ly  w i l l  be ava i l ab le  w i t h  
i n l e t  temperatures o f  2 5 O O O F  and 3000°F. The power cyc le  e f f i c i ency  i n  these 
cases are  estimated t o  be 46% and 49%, respec t ive ly ,  based on HHV and low ash 
coal. And f i n a l l y ,  

I t  i s  estimated t h a t  power p lan ts  using 300OOF i n l e t  t o  gas tu rb ine  r e s u l t  
about 47% reduc t ion  i n  power costs compared t o  a conventional cyc le  (Table 4) 

3. 

4. 

5. 

6. i n  
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TABLE 1 
COAL AND FUEL GAS COMPOSITION 

COAL PROXIMATE ANALYSIS 

% ASH 
% VOLATILE 

% FIXED CARBON 

% SULFUR 

% MOISTURE 

HIGHER HEATING VALUE - 1 1 2 7 3  BTU/LB 

1 6 . 8 7  

3 9 . 4 4  

4 3 . 6 9  

1 0 0 . 0 0  

4 . 6 5  

3.43 

FUEL GAS ANALYSIS 

N2 

H20 

co2 
co 
CH4 

H2 

BTU HIGHER HEATING VALUE - 1 3 7  ScF 

WGT. FRACTION 

0 . 6 1 4  

.02 

. 0 4  

. 3 1  

. 0 0 6  

.Ol  

. 0 0 0 2  

1 .oo 
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TABLE 2 
DISTRIBUTION OF HIGHER HEATING VALUE 

I N  COAL AFTER GASIFICATION 

1.  FUEL GAS TO GAS TURBINE . .  
HHV 
NET SENSIBLE HEAT GAIN 

2 .  STEAM GENERATED BY FUEL GAS 

3.  ASH PURGE LOSS 
NET SENSIBLE HEAT LOSS 

COMBUSTIBLE ( C ,  S )  

4. SCRUBBER LOSS 

GASIFIER EFFICIENCY ( 1 )  + (2)  = 90.9% 

72.5% 

1.8 

1 6 . 6  

1 . 9  
6 . 7  

0.5 
100% 
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TABLE 3 
D ISTRIBUTION OF POWER FOR 120 ,MW PLANT 

(REFER TO F I G .  1.) 

GAS TURBINE 
STEAM TURBINE 

GROSS 

A U X I L I A R I E S  
BOOSTER COMPRESSOR 

POWER OUT (NET) = 120 eMW 

OVERALL EFFICIENCY = 36% 

69.3 
61.2 
130.5 ,MW 

6 .5  
4.0 

10.5 ,MW 

TABLE 4 
COMPARISON OF POWER COST FOR 480 MW CONVENTIONAL PLANT 

WITH SCRUBBER VS. GASIF IER COMBINED CYCLE PLANT 

CAPITAL 
LABOR 
OPERATING 

TOTAL 

CONVENTIONAL GAS1 F I E R  
WITH SCRUBBER COMBINED CYCLE 

M I L L S  
KWHR 1 5 . 8  - 

0.3 
1 0 . 6  

2 6 . 7  

FUTURE PLANTS 
w/3O0O0F I n l e t  t o  

Gas T u r b i n e  

M I L L S  9 . 2  - 
8.8 
0.2 KWHR 

M I L L S  
13.0 KWHR 
0.3  

1 0 . 7  

24.0 
- 

I 

I 

I 

18.2 
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